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Abstrat
We present a derivation of the orbital and spin sum rules for magneti irular dihroi spe-
tra measured by eletron energy loss spetrosopy in a transmission eletron mirosope. These
sum rules are obtained from the dierential ross setion alulated for symmetri positions in the
diration pattern. Orbital and spin magneti moments are expressed expliitly in terms of ex-
perimental spetra and dynamial diration oeients. We estimate the ratio of spin to orbital
magneti moments and disuss rst experimental results for the Fe L2,3 edge.
PACS numbers: 79.20.Uv, 82.80.Dx, 75.20.En
1
Eletron energy loss spetrosopy (EELS) in a transmission eletron mirosope (TEM)
gives aess at high energy losses to the density of unoupied valene states with a sub-
nanometer spatial resolution
1,2
. The possibility of using EELS to measure an energy loss
magneti hiral dihroism (EMCD) spetrum analogous to the X-ray magneti irular di-
hoism (XMCD) signal obtained with synhrotron radiation
3,4
has been suggested in 2003
5
and demonstrated reently
6
. The priniples of an EMCD experiment are the following: after
suitable orientation of the sample, the inident eletron beam is rst elastially dirated by
the rystal. Eah dirated beam is then inelastially sattered. The total inelasti signal
an be written as the sum of two kinds of ontributions: the rst one is due to eah single
dirated beam and an be written in terms of the dynami form fators (DFF) S (q,q, E),
where q is the momentum transfer whih depends on the dirated beam and on the loa-
tion of the spetrometer aperture in the diration pattern, and E is the energy loss. The
seond ontribution involves all the possible pairs of dirated beams and is desribed by
the mixed dynami form fators (MDFF) S (q,q′, E)7.
Inelasti sattering events are due to the oulomb interation between the eletrons of the
probe and the sample eletrons. In quantum eletrodynamis, this interation is desribed
in terms of a virtual photon exhanged between the two eletrons. The virtual photon
assoiated to one of the DFF is linearly polarized in the diretion of the transfer momentum
vetor (Lorentz Gauge). The polarization of the virtual photon assoiated to one of the
MDFF is more ompliated for any ouple of transfer momentum vetors q and q
′
. It
beomes right or left irularly polarized when the phase dierene between the dirated
beams is π/2, and when the momentum transfer vetors q and q′ are orthogonal with
idential modulus. This is the ase for the vetors {q1,q
′
1} and {q2,q
′
2} shown in Fig. 1a
for whih (q1,q
′
1) = π/2 and (q2,q
′
2) = −π/2. The EMCD signal is in this ase obtained
by subtrating the spetra measured at the two positions pos1 and pos2 shown in Fig. 1a.
An aurate desription of the EMCD spetra is not trivial, rstly beause all the pairs
of dirated beams must be onsidered together, seondly beause the propagation of the
dirated beams must be desribed within the fast eletron dynamial diration theory,
the inident and sattered eletron beams behaving like Bloh waves inside the rystal
8
.
Magneti irular dihroism has been measured in a TEM on the L2,3 edges of 3dmagneti
metals
6
. The most reent experimental papers desribe the ongurations whih give the
highest dihroi signal as well as dihroi/noise ratio. Several ongurations have been
2
tested to reah this aim, like using onvergent instead of parallel inident beam to inrease
the total urrent (LACDIF onguration
9,10,11
), or hoosing the sample orientation and
searhing for the positions in the diration pattern whih enhane the dihroi signal.
This experimental investigation has been done by moving the diration pattern over the
spetrometer aperture
6
, or with the energy spetrum imaging tehnique (ESI), whih onsists
in reording the whole diration pattern for suessive energy windows of typially 1 eV
running over the L2,3 edges
10
. The EMCD signal has also been alulated theoretially.
These alulations, whih are based on the rst priniples determination of the fast eletron
Bloh wave funtions
7,8
and transition matrix elements
6,12
have been very helpful to nd the
experimental onditions and sample harateristis whih give the highest dihroi signal.
Up to now, EMCD experiments have only been analysed quantitatively in terms of dihro-
ism. A quantitative interpretation of the spetra requires the determination of new sum
rules whih take into aount the dynamial diration eets. In this paper, we present
the analytial derivation of the orbital and spin sum rules for magneti hiral dihroi spe-
tra measured by EELS, and we disuss to whih extent these sum rules an be applied to
experimental results.
The EELS spetra measured in a TEM an be desribed by the dierential ross setion
∂2σ
∂E∂Ω
for sattering of a fast probe eletron with the energy loss E and sattering angle Ω.
When the spetrometer aperture is loated at a given position in the {x, y} plane of the
diration pattern, the dierential ross setion for the ore eletron exitation edges an
be written as
5
∂2σ
∂E∂Ω
=
∑
q
Adet
q;q
q4
S (q,q, E) +
∑
q
∑
q
′ 6=q
2Re

Adetq;q′
q2q′2
S (q,q′, E)

 , (1)
where the mixed dynami form fators of one atom are given by
S (q,q′, E) =
∑
i,f
〈i| exp (−iq · r) |f〉 〈f | exp (iq′ · r) |i〉 δ (E − Ef + Ei) . (2)
|i〉 and |f〉 are the initial ore states and the nal unoupied valene states with energies
Ei and Ef . q = OS− g+ qzez and q
′ = OS− g′ + qzez are the momentum transfer vetors
whih depend on the vetor OS onneting the transmitted beam and the spetrometer
aperture in the diration pattern, on the reiproal lattie vetors g and g
′
, and on the
momentum qz < 0 whih is transferred in the inident beam diretion (Oz). The rst and
seond terms in the right hand side of Eq. (1) desribe respetively the ontributions from
3
the DFF and MDFF. The double sum over q and q
′
implies that the pairs of Bragg spots
are not ounted twie. The oeients Adet
q;q′ ontain all the information on the Bloh wave
eigenvetors and eigenvalues whih is needed to desribe the fast inident and sattered
eletron beams within the framework of the dynamial diration theory. They an be
alulated as shown reently
12
. They depend on the momentum transfers q and q
′
, on
the loation of the spetrometer aperture, on the atomi struture of the rystal, on the
thikness and orientation of the sample, and on the loation of the ionized atom inside the
sample. For more omplex unit ells, Eq. (1) needs to be generalized by summing over the
dierent atom speies. The operators r+ = x + iy, r− = x − iy, and r0 = z an be used to
express the mixed dynami form fators within the eletri dipole approximation as
S (q,q′, E) =
qxq
′
x + qyq
′
y
4
(µ+ + µ−) + q
2
zµ0 + i
qxq
′
y − qyq
′
x
4
(µ+ − µ−) (3)
where
µ+ =
∑
i,f
|〈i| r+ |f〉|
2 δ (E −Ef + Ei) , (4)
µ− =
∑
i,f
|〈i| r− |f〉|
2 δ (E −Ef + Ei) , (5)
and
µ0 =
∑
i,f
|〈i| r0 |f〉|
2 δ (E − Ef + Ei) , (6)
z being the quantization axis. In the following, we have onsidered a four-fold diration
pattern with distane g between Bragg spots and the two spetrometer aperture positions
pos1 and pos2 whih are indiated in Fig. 1b. Suh a diration pattern an be observed
with b Fe or f Ni rystals oriented in the (100) zone axis. The reiproal lattie vetors
are given by g = ngex +mgey (n and m being the integers assoiated to eah Bragg spot),
and the momentum transfer vetors are written as q = g (δ − n) ex + g (ǫ−m) ey + qzez for
position 1, and by q = g (δ − n) ex − g (ǫ+m) ey + qzez for position 2 (δ and ǫ > 0 being
real). The dierene and the sum between the EELS signals measured at the two symmetri
positions of the spetrometer aperture desribed above are given by
σ2 ∓ σ1 =
1
4g2
∑
(n,m)
Apos2n,−m;n,−m ∓A
pos1
n,m;n,m[
(δ − n)2 + (ǫ−m)2 + q
2
z
g2
]2
{[
(δ − n)2 + (ǫ−m)2
]
(µ+ + µ−) + 4
q2z
g2
µ0
}
4
+
1
2g2
∑
(n,m)
∑
(n′,m′)6=(n,m)
Re
(
Apos2n,−m;n′,−m′ ∓ A
pos1
n,m;n′,m′
)
[
(δ − n)2 + (ǫ−m)2 + q
2
z
g2
] [
(δ − n′)2 + (ǫ−m′)2 + q
2
z
g2
]
×
{
[(δ − n) (δ − n′) + (ǫ−m) (ǫ−m′)] (µ+ + µ−) + 4
q2z
g2
µ0
}
+
1
2g2
∑
(n,m)
∑
(n′,m′)6=(n,m)
Im
(
Apos2n,−m;n′,−m′ ±A
pos1
n,m;n′,m′
)
[
(δ − n)2 + (ǫ−m)2 + q
2
z
g2
] [
(δ − n′)2 + (ǫ−m′)2 + q
2
z
g2
]
× [(δ − n) (ǫ−m′)− (δ − n′) (ǫ−m)] (µ+ − µ−) , (7)
where σ2 =
(
∂2σ
∂E∂Ω
)
pos2
, σ1 =
(
∂2σ
∂E∂Ω
)
pos1
, and the pairs of Bragg spots (n,m) and (n′, m′) are
not ounted twie in the double sum. In the perfet zone axis onguration, this equation
an be simplied using
Apos1n,m;n′,m′ = A
pos2
n,−m;n′,−m′. (8)
These equations remain valid in the systemati row onguration whih is reahed by tilting
the sample around the (Ox) axis. This tilt modies the value of all the oeients An,m;n′,m′.
In partiular, ontribution from the Bragg spots whih are not loated on the diration row
an be negleted and An,m;n′,m′ ≈ 0 if m 6= 0 and/or m
′ 6= 0. The two beam ase is obtained
after a seond tilt of the sample around the (Oy) axis. This tilt hanges again the value of
the oeients An,m;n′,m′ whih beome small exept if m = 0, m
′ = 0, and small n, n′. In
pratie, this failitates the numerial alulation of the essential Bloh wave oeients.
Eqs. (7) and (8) show that (σ2 − σ1) is proportional to (µ+ − µ−). To express (σ2 + σ1) in a
form whih an further be used to derive the EMCD spin and orbital sum rules, we use the
two additional approximations (µ+ + µ−) ≈
2
3
(µ+ + µ0 + µ−) and µ0 ≈
1
3
(µ+ + µ0 + µ−).
Thanks to these approximations, (σ2 + σ1) beomes proportional to (µ+ + µ0 + µ−). The
spin and orbital sum rules for an EMCD experiment an then be derived, using the sum
rules whih have been obtained by B. T. Thole et al. and P. Carra et al. to analyze XMCD
spetra
13,14
. The new EMCD sum rules an be written as
∫
L3
(σ2 − σ1) dE − 2
∫
L2
(σ2 − σ1) dE∫
L3+L2
(σ2 + σ1) dE
= K
(
2
3
〈Sz〉
Nh
+
7
3
〈Tz〉
Nh
)
(9)
and ∫
L3+L2
(σ2 − σ1) dE∫
L3+L2
(σ2 + σ1) dE
= K
1
2
〈Lz〉
Nh
(10)
where 〈Sz〉 /Nh, 〈Lz〉 /Nh and 〈Tz〉 /Nh are respetively the ground state expetation values
of spin momentum, orbital momentum, and magneti dipole operators per hole in the d
5
bands. The oeient K ontains all the information related to the dynamial eets. It
an be expressed as
K = 3
∑
(n,m)
∑
(n′,m′) 6=(n,m)
Im
(
Apos1n,m;n′,m′
)
[(δ − n) (ǫ−m′)− (δ − n′) (ǫ−m)][
(δ − n)2 + (ǫ−m)2 + q
2
z
g2
] [
(δ − n′)2 + (ǫ−m′)2 + q
2
z
g2
]/
{
∑
(n,m)
Apos1n,m;n,m
[
(δ − n)2 + (ǫ−m)2 + 2 q
2
z
g2
]
[
(δ − n)2 + (ǫ−m)2 + q
2
z
g2
]2
+ 2
∑
(n,m)
∑
(n′,m′) 6=(n,m)
Re
(
Apos1n,m;n′,m′
) [
(δ − n) (δ − n′) + (ǫ−m) (ǫ−m′) + 2 q
2
z
g2
]
[
(δ − n)2 + (ǫ−m)2 + q
2
z
g2
] [
(δ − n′)2 + (ǫ−m′)2 + q
2
z
g2
] }. (11)
K an be alulated for a very well dened geometry. It will depend on the exitation
error of the inident beam, the speimen thikness, the detetor position and aperture size.
Moreover, in the experiment one never an ahieve a perfetly parallel beam. Convergene
and partial oherene of the eletron soure make the preise alulation of K untenable for
the time being. Still, Eqs. (9) and (10) an be used to obtain
∫
L3
(σ2 − σ1) dE − 2
∫
L2
(σ2 − σ1) dE∫
L3+L2
(σ2 − σ1) dE
=
4 〈Sz〉+ 14 〈Tz〉
3 〈Lz〉
(12)
free from any dynamial oeient, sample orientation and thikness. Eqs. (9), (10) and (11)
apply to a single absorbing atom of the sample. The extension of the foregoing derivation
from a four-fold symmetri diration pattern to the general ase is straightforward.
We now briey desribe the experimental appliability of the EMCD sum rules. Experi-
ments were performed using the SACTEM Toulouse, a TECNAI F20 (FEI) equipped with
a spherial aberration orretor (CEOS), an Imaging Filter (Gatan Tridiem) and a 2k*2k
Camera (Gatan). An iron sample was used as a test sample. By ombining the tehniques of
tripod polishing and ion milling, we prepared a large at area whih was eletron transpar-
ent. The magnetisation of the iron lm is saturated in the (Oz) diretion by the eld of the
objetive lens pole piee. The sample was oriented in (110) two beam onguration and the
eletron diration pattern was reorded using the ESI tehnique performed with a 1 eV slit
in an energy range of [645 eV, 745 eV℄ for a total of 30 min exposure time
10
. The diration
pattern is taken using the LACDIF onguration
9,10,11
with a 7.8 mrad onvergene angle
whih strongly inreases the EMCD intensity and the signal/noise ratio. Post proess orre-
tions of isohromatiity and drift deteted on the ESI data ube were applied using a home
made software written in the sripting language of Digital Mirograph (Gatan). Finally,
6
EELS spetra are extrated using the ESI data ube, for the two positions OS = g
2
ex ±
g
2
ey
loated on the Thales irle whih passes by the transmitted beam and the Bragg spot. Two
irular apertures of semi-angle α = 4.2 mrad were used in the numerial integration, and
the reorded spetra are shown in Fig. 2a.
The dierene between the two spetra gives the dihroi signal whih is represented in
Fig. 2b. Our spetra have not been proessed for removal of the bakground due to the 2p-
state to ontinuum states transitions, beause the aim of this paper is to demonstrate the
feasability of the method. A quantitative analysis of spin/orbital moments would neessitate
a better signal/noise ratio as well as more involved data treatment. We have applied Eq. (12)
to our experimental results, integrating the EMCD spetrum in the energy windows [705 eV,
715 eV℄ for the L3 edge and [719 eV, 729 eV℄ for the L2 edge. Negleting the ontribution of
the magneti dipole operator, this measurement has given 〈Lz〉 / 〈Sz〉 = 0.18 ± 0.05. This
result is higher but with the same order of magnitude than the values 0.124
15
, 0.088
16
,
0.133
14
and 0.086
3
whih have been obtained from neutron sattering data, gyromagneti
ratio or XMCD spetra.
This omparison shows that EMCD is now on the way to giving quantitative magneti
information. Experiments do nevertheless deserve improvements, optimizing the angular
and energy windows for integration in order to inrease the still poor signal/noise ratio.
Small bakground mathing problems an also our between the L3 and L2 edges. This an
be seen near 715 eV where the dihroi signal does not perfetly vanish. These bakground
problems are due to the fat that the non dihroi part of the signal is not perfetly the
same at the two symmetri detetor positions in the two beam ase. In this ase, Eq. (8)
does not exatly desribe the experimental onguration. This problem may be minimized
by working at a higher voltage, in order to derease the urvature of the Ewald sphere, or
by looking for more symmetri experimental onditions for whih Eq. (8) holds perfetly.
We have derived a set of sum rules for EMCD spetra whih an be used to obtain orbital
and spin moments of magneti samples. Also dynamial diration eets of the eletron
beam in the speimen inuene the dihroi spetra in a ompliated way, the 〈Lz〉 / 〈Sz〉
ratio an be extrated straightforwardly when the sattering onditions are properly ho-
sen. The main advantage of using EELS instead of X-ray absorption for this quantitative
analysis omes from the subnanometer probe size whih an be reahed in a TEM. This
opens exiting perspetives for the loal magneti analysis of nanomaterials and nanode-
7
vies like magneti tunnel juntions for spintronis appliations or magneti nanopartiles
with enhaned anisotropy and magnetisation.
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FIG. 1: Diration pattern for an EMCD experiment. (a): experimental diration pattern for an
iron sample oriented in (110) two beam onguration. The transfer momentum vetors for the two
symmetrial positions pos1 and pos2 are represented by arrows. (b): Four fold diration pattern
whih has been used to express the dierential ross setion. The two dierent positions of the
spetrometer aperture (OS = δgex ± ǫgey, with δ and ǫ real numbers) whih have been onsidered
are indiated by open irles. The Bragg spots are represented by lled irles. A pair of integers
(n,m) is assoiated to eah Bragg spot, as shown for four of them.
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FIG. 2: (a): EELS signal measured at the two symmetri positions pos1 and pos2 in the diration
pattern of an iron sample oriented in the (110) two beam onguration; (b): orresponding dihroi
signal
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